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SUMMARY 

Pulmonary microtomes, highly purified pulmonary fiavirv-oontain- 
ing monooxygenase, and highly purified pulmonary cytochrome 
P-45CW* from pregnant female rabbits catalyze the NADPH- 
dependent $-oxygenation of a series of 2-aryM ,3-dithiolanes. 
TheS-oxtte is the only detectable product formed during the 
short time period of the enzymatic reactions. Studies on the 
biochemical mechanism for S-oxygenation of 2-aryLi ,3-dithio¬ 
lanes suggest that this reaction is catalyzed preferentially by the 
tiavirvcontaining monooxygenase, although cytochromes P-450 
also contribute to S-oxygenation. This conclusion is based on 
the effects of a cytochrome P-450 inhibitor, aminobenzotriazole, 
as wel as on studies of the stereoselectivity of the reaction. 
Although both purified rabbit pulmonary cytochrome P-45CW* 
and purified tavin-containjng monooxygenase have identical 


ctastereoselectivfty, producing the (t/a/»)-S-oxide, these mon¬ 
ooxygenases possess opposite 5-oxygenation enantioselectiv- 
fty. Pulmonary cytochrome P-450^ S-oxygenates 2-aryf-t,3- 
drthiolanes almost exclusively at the pfU-S-sutfur atom, whereas 
pulmonary flavin-containing monooxygenase S-oxygenates 2- 
aryM t 3-dfthioianes exclusively at the pro-fl-sutfur atom. 2-Aryf- 

1.3- dith*otane S-oxides are S-oxygenated a second time on the 
S'-sulfide sulfur atom but only by rabbit lung microsomes and 
pulmonary flavin-containing monooxygenase and not by cyto¬ 
chrome P-45(W». That pulmonary flavin-containing monooxy¬ 
genase only catalyzes formation of (firans)- and not (cis)-2-aryl- 

1.3- dithkXane S-oxkle formation suggests that the active site of 
pulmonary flavin-containing monooxygenase exerts great steric 
limitations on 2-aryM ,3-dithiolane S-oxygenation. 


The dialkyisulfide (or thioether) group occurs widely in 
drags, chemicals, and pesticides (X). Among the routes of me¬ 
tabolism available to dialkylsuifides are oxidation to the sulf¬ 
oxide or 5-deaIkyUtioa. 5-Dealkylation is a minor route of 
biotransformation (2-4). Once formed, dialkyisulfide S-oxides 
may be further oxidised to dialkylsulfones or, alternatively, 
reduced to the parent sulfide. Several examples of important 
sulfide-containing drugs or chemicals metabolized by these 
routes both tn oitro and in vivo have been described (5-6). 

DialkyUulfbxide metabolites are generally ch em ica ll y stable 
to hydrolysis, rearrangement, or racemization, although elimi¬ 
nation reactions are possible (9X Sulfone metabolites are, like- 
wise, generally chemically stable, although the amount of sul¬ 
fone formed in vivo from the sulfide is usually substantially 
less than the amount of sulfoxide. This may be a consequence 
of the relative hydrophilicity of the sulfoxide metabolite or the 
relative nuckophilkity of the aolfoxide sulfur, compared with 
sulfide sulfur, towards 5-oxygenation. A decrease in the relative 
hydrophilicity and nucteophilicity of the sulfur atom, as seen 
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in the case of sulfoxide sulfur, generally results in a decrease 
in monooxygenase-catalyzed 5-oxygenation (8, 10). Reductive 
metabolic processes may also help determine the amount of 
sulfone formed, because sulfoxides art easily reduced whereas 
tulfones are not reduced at all (4). The three monooxygenase 
systems primarily involved in dialkyisulfide 5-oxygenation are 
Cytochrome P-450, flavin-containing monooxygenase, and 
prostaglandin synthetase. Generally, highly nucleophilic di- 
alkylsulfids sulfur atoms axe 5-oxygenated by the flavin-con¬ 
taining monooxygenase (8, 11, 12), prostaglandin synthetase 
(13), and cytochrome P-450, whereas non nucleophilic sulfur 
atoms are also 5-oxygenated by cytochrome P-450 (14, 15). 
The relative contribution to the 5-oxygenation of a di alkyl sul¬ 
fide by each monooxygenase has been investigated in only a 
few cases (11,15-18). 1 

Recently, another form of the flavin-containing monooxy¬ 
genase was isolated from rabbit lung and found to be immu- 
nochemically and catalytically distinct from the liver enzyme 
(19, 20), in agreement with earlier studies that suggested that 
the lung possessed some unusual metabolic properties (21). In 
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contrast to hepatic systems 02,15-17)/ to date, the enzymatic 
basis for the studies of the stereoselective Oxygenation of 
sulfides in rabbit lung has not been reported. The purpose of 
this investigation, therefore, was to determine the atereoselec¬ 
tive 5-oxygenation of a model sulfide with rabbit lung micro¬ 
tomes and compare these results with the major purified S- 
monooxygenases present in lung microtomes from pregnant 
rabbits, namely pulmonary flavin-containing monooxygenase 
and pulmonary cytochrome P-450u»^. The para-substituted 
aryt~14~dithiolanes were employed in this study because they 
po st s i s several features useful for investigation of 5-oxygenase 
activity; (a) para-substituted aryl-1,3-dithiolanes are good sub¬ 
strates for both purified cytochrome P-450u»^ and purified 
flavin-containing monooxygenase, (b) enzymatic 5-oxygena¬ 
tion of 1-5 may occur with diastereotopic selectivity and may 
also mult in enantioen rich men t of an 5-oxide product by 
selection between two enantiotopic sulfur atom lone pairs that 
are stable to pyramidal inversion, and (c) during the short 
incubation rimes used in these studies, the aryl-I^-dithiolane 
5-oxides formed did not undergo further 5-oxygenation, reduc¬ 
tion, or decomposition to other products. 

In this report we determine the diastereoselectivity and en- 
anrioaefectivity of 5-oxygenation of 2-aryl-l^-dithiolanes cat¬ 
alyzed by microtomes and highly purified flavin-containing 
monooxygenase and cytochrome P~i5<W4 from female rabbit 
hmg. In addition, we examine the S-oxygenation of 2-aryM,3- 
dithiane 5-oxides. The results of our study demonstrate the 
utility of investigating cytochrome P-450- and flavin-contain¬ 
ing monooxygenase-catalyzed S-oxygenatione of aryl-l,3-di- 
thiolanes as mechanistic and stereochemical probes of enzyme 
function. 

Experimental Procedures 

Methods and materials. 2-Aiyl-l^-dithiolsnes, 2-aiyI-I,3-dithio- 
lane 5-ondaa, and 2-aryJ-l,3-dithiolane 5,5'-dioxide* ware synthesized 
as previously described. 1 Glucoc*-6-pbocphate, glucose-6-pbosphate de¬ 
hydrogenase, NADP*. NAJDPH, and dilaurylphosphatidyi choline were 
purchased from Sigma Chemical Co. All other reagents and buffers 
were obtained in the highest quality from commercially available 
sou rce s . Aminobeazotriazok was a gift of Professor Paul Ortiz de 
Moctellano of this department. 

Chiral aryl-L3-dithiolane 5-oxides were synthesized by the method 
of Pitchen it at (22). The optical purity of the purified (cm)- and 
(fraiw)-S-otxide products were determined by NMR analysis using a 
chiral shift reagent. 1 The absorption spectra of pure (d»- and (tron*)- 
5-oxkk were determined m order to relate the optical purity of the 
products to the absolute configuration correlation of dialkyl 5-oxides 
independently correlated by other meant (23). Previous studies of 
thloketal 5-oxides have established the relationship between the CD 
sign and the absolute stereochemistry of the dialkyl 5-oxides (24). A 
positive CD associated with the absorption between 2S5 and 195 nra 
can be correlated with an (/l)-5-oxide configuration (23). Separation 
of each enantiomer of each disstereomer was accomplished by HPLC 
with a Chiialcel OD column, as described below. 2-Aryl-l r 3-dithk>lane 
5-oxides from enzymatic incubations were compared with synthetic 
chiral 5-oxides by HPLC for determination of absolute stereochemis¬ 
try. 

Rabbit lungs were obtained from Pel-Freer Biological and were from 
pregnant (25-30 days of gestation) New Zetland white rabbits. Rabbit 
King cytochrome P-4&W4 w *x isolated and purified from pregnant 
female rabbits as previously described (25). Rabbit lung cytochrome P- 
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450||*^ had a specific content of 14.2 nmol of P-450/mg of protein. 
Rabbit cytochrome P-450na« had characteristically high benzpheta- 
mine N-demelhyUsc activity (26) (30.4 nmol/min/nmol of enzyme) 
and was s single band (Af, 49,500) estimated to be greater than 95% 
pure by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (27). 
Rat cytochrome 6* and NADPH-cytochrome P-450 reductase were 
purified to apparent homogeneity by a method previously described 
<28>. The specific content of cytochrome 6* was 32.8 nmol of 61/mg of 
protein and the reductase preparation had an activity of 66 *m»ol of 
cytochrome c/min/mg of protein in 0.3 M potassium buffer (pH 7.7) at 
25*. 

Rabbit lung flavin-containing monooxygenase was isolated and pu¬ 
rified from pregnant female rabbits by a method previously described 
(29). Rabbit lung flavin-containing monoozygenaae had a specific con¬ 
tent of 13.4 nmol of flavin/mg of protein. Rabbit lung flavin-containing 
monooxygenase had characteristically high N^N-dimethylaniline N- 
oxygenase activity (30) (33.6 nmol/min/nmol of protein) and was 
judged to be homogeneous (greater than 98% pure) by sodium dodecyl 
sulfate-polyacrylamide gal electrophoresis (27). 

Metabolic incubations and enzyme assays. 5-Oxygenation of 2- 
aryM,3-dithiolanes by microsomet, highly purified flavin-containing 
monooxygenase from rabbit lung, or highly purified cytochrome P- 
450m-« from rabbit lung was measured by monitoring 5-oxide product 
formation by HPLC (31). For studies with rabbit King microtomes, the 
incubation media contained 50 aM potassium phosphate (pH 8.0), an 
NADPH-generating system consisting of 0.5 mM NADP*, 2.0 mM 
glucose-6-phosphate, and 1IU of glucose-6-phosp bate dehydrogenase, 
and 0.76 mg of rabbit lung microtomes. The reaction was initiated by 
the addition of substrate (400 *M) and after 5 min the reaction was 
stopped by the addition of cold CHtCU and analyzed for product* by 
HPLC, as described below. For studies with highly purified rabbit lung 
flavin-containing monooxygenase, the above protocol was used except 
s buffer consisting of 50 mu potassium phosphate (pH 9.0) was 
employed. The major phenobazbital-inducible rabbit lung cytochrome 
P-450 (P-450,,,,) was purified from rabbit lung by the method of 
Williams et cl (25). Cytochrome P-4501^ (0.1 nmol) was reconstituted 
in the presence of dilaurylpbosphatidylchoUne (25 *tg) and saturating 
amounts of rat cytochrome P-450 reductase (600 units) and was allowed 
to stand at 4* for 10 min. Sodium phosphate buffer (50 mM, pH 7.4), 
the NADPH-generating system, substrate <400 final concentration), 
and rat liver cytochrome 6* (0.1 nmol) were added for a total volume 
of 1.0 ml Incubations were carried out for 10 min at 33* with constant 
shaking in air and the reactions were terminated and prepared for 
HPLC analysis as previously described (3l»* 

The reactions were stopped by the addition of 2 volumes of cold 
CHjCl*. After thorough mixing, the insoluble material was separated 
by a brief centrifugation. After filtration through a 4-pro nylon filter 
and evaporation, the extract was taken up in acetonitrile for separation 
and quantitation by HPLC (Rainin system with UV detector set at 240 
nm, with a C-18 precolumn and 5-pm C-18 AHex Ultrasphere ODS 
reversed phase analytical column). The mobile phase (40% CH*CN/ 
H t O, v/v) efficiently separates 2-aryl- 1,3-dithioianee, 2-aryl-1,3-dithio- 
Jans 5-oxides, and 2*aryM,3-dithiolane 5,5' -dioxides* The recovery 
of metabolite* as judged by HPLC was greater than 88% and 96% of 
this material was the dithiolane, dithkdane 5-oxide, or dithiolane 5,5'- 
dioxide. The HPLC traces are remarkably clean and the chromato¬ 
grams show essentially only starting material and 5-oxide. This result 
suggests that other transformations of the dithiolane* are not taking 
place. Quantitation was accomplished by comparing the integrated area 
of the dithiolane, dithiolane 5-oxide, or dithiolane S,S'-dioxide HPLC 
peak after taking into consideration the extinction coefficient values 
of each species.* 

After analysis of the reaction products by HPLC as described above, 
the remaining reaction products were evaporated to dryness and taken 
up in isopropanol/hexane (18:82, v/v) for separation and quantitation 
by chiral HPLC (IBM model 9000 with UV detector set at 240 nm, 
fitted with a Chiracel OD analytical column (25 cm x 0 15 cm, i d ) 
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from DAJCEL Chemical Ind.) Thi* system efficiently separates the 
starting materiel and enantiomers of <ct?)- and (irons) -5-oxide dies* 
teraoroert.* Quantitation was accomplished by comparing the inte¬ 
grated area for each enantiomer, taking into consideration the extinc¬ 
tion coefficient values of each species, as described previously.* The 
concentration of protein was determined by the method of Bradford 
(32). 

Statistics. Data are expressed as the mean ± standard error. Sta¬ 
tistical analysis was performed by the Student t test for evaluation of 
the difference b e t wee n two means. 

Results 

^-Oxygeutios of 2-aryl-l ,3-dithiolanes. The biotrans- 
fbnnation of 1-5 was studied in vitro with pulmonary micro- 
tomes, highly purified flavin-containing monooxygenase, and 
highly purified cytochrome P-450 u »^ from female rabbits. Pre¬ 
liminary studies demonstrated that pulmonary microsomes 
supplemented with NADPH catalyze the 5-oxygenation of 2- 
aiy i-1,3-dithiolanes to their 5-oxides (Table 1). The formation 
of dithiolane 5-oxide was a linear function of microsome pro¬ 
tein concentration (0-1.4 mg of protein) and of incubation time 
lor at least 7 min. Rabbit lung microsomes that were treated 
with aminobenzotriazole, a mechanism-based inactivator of 
cytochromes P-450 (33),inhibited the 5-oxygenation of 1 and 
t but actually increased the 5-oxygenation of 3-5 (Table 1). 
Although the specificity of aminobenzotriazole towards inhi¬ 
bition of pulmonary cytochromes P-450 is not completely 
understood (34), aminobenzotriazole does not appear to inhibit 
hepatic or pulmonary flavin-containing monooxygenase-me¬ 
diated 5- or N-oxygenation (35-37)' and in some cases actually 
stimulates hetero atom oxygenation (34,35). It is possible that, 
in addition to its role as an inactivator of cytochromes P-450, 
aminobenzotriazole may bind to an effector site and stabilize 
the flavin-containing monooxygenase. The decreased rate of 5- 
oxygenstkm of 1 and 2 in the presence of aminobenzotriazole 
suggests that rabbit lung microsomal cytochrome P-450 may 
contribute to 5-oxygenation of 1 and 2. In order to investigate 
this aspect more carefully, the 5-oxygenation of 1 to 5 was 

TABLE 1 


5-OxygenaHon of 2-aryM,3-dlthk>lan«* by rabbit lung iw fcr oe o m ea 



Subsea* 

Mosaomti+Azrr* 


Mcroums - AST* 


SOadelmd 

C€* 

SO** formed 

DC 

fc*)£Oode 


(dDMPdt pamVSOn* 



MdJMt/notlpfDiM 
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tme/fmtnfmQ plpntth 
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t 

4-OCHa 

02* 

2.7 ± 02 

86 

1.0 ±02* 3.3 ±12 

53 

2 

4-H 

01 

1.6 ±02 

88 

2.0 ± 0.3* 3.9 ± 1.1' 

34 

> 

4-CS 

NO* 

6.5 ± 0.5 

100 

0.9 ±0.1* 12 ±0.1* 

26 

4 

4-CN 

NO 

12 ±02 

100 

NO 02 ± 0.1“ 

100 

5 

4-NO, 

0.1 

6.1 ± 1.0 

96 

0.8 ± 02* 4.3 ±0.9 

69 


* Aabbftlung microsomes (0.7$ mg ot protefcvtncubation) war* Incubated in the 
prete nce of an NADPH-genereting system. anvnobenzotnaxofe (ACT), and aub- 
slrefe (400 to potassium phosphate buffer (pH 6.0) at 33* for 3 min. Each vafoe 
is Ste avaraga of four cteterrrsnatfons ± standard arror. 

* Incubation parformad as described above in the absence of amlnobenzotna- 
aole. 

* Product dtesteraoselcctive excess (% (frarw^-ojude- % (c«)5-codde). 

•The range of values is 0-0.3 nmol/rn*n/mg of protein 

•*><0001 versus rrverosomes plus amnoberuotnazote. 

*p < 0.05 varsus rrverosomes plus amtooberuotnaxole. 

* NO. Not detectable. 
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investigated with highly purified rabbit lung cytochrome P- 
450 mb *• 

As shown in Table 2, cytochrome P-450n B .« efficiently con¬ 
verts 2-aryl-1,3-dithiolanes to their corresponding 5-oxides. 
From the data presented, there is not a strong Hammett-type 
dependence on the electronic character of the aromatic para - 
substituent (38) of the rate of 5-oxygenation, although it ap¬ 
pears that 2-aryl-l,3-dithiolane£ with strongly electron-with¬ 
drawing para-substituents are in general better substrates than 
2-aryl-1,3-dithiolanes with electron-donating para-substituents 
(Table 2). Preliminary studies showed that 5-oxygenation of 

1- 5 catalyzed by reconstituted cytochrome P-450m^ supple¬ 
mented with NADPH is a linear function of protein concentra¬ 
tion (0-0.2 nmol of protein) and of incubation time for at least 
10 min. Formation of 2-aryl-1,3-dithiolane 5-oxide was strictly 
dependent on the presence of cytochrome P-450 reductase, 
dilaurylphosphatidylcboline, NADPH, and cytochrome P- 
450 jj *-4 but was only modestly dependent on the presence of 
cytochrome 6* (date not shown). 

The highly purified flavin-containing monooxygenase from 
rabbit lung catalyzes the N ADPH-dependent 5-oxygenation of 

2- aryl*l ,3-dithiolanes to their corresponding 5-oxide (Table 2). 
Preliminary studies showed that S-oxygenation of 1-5 by the 
highly purified rabbit lung flavin-containing monooxygenase 
wss a linear function of protein concentration (0-0.6 nmol of 
protein) and of incubation time for at least 5 min. As shown in 
Tsble 2, 5-oxygenation of 1-6 was observed to occur at a 
uniformly high rate and no apparent Hammett-type depend¬ 
ence (38) on the electronegativity of the dithiolane aryl para- 
substituent was observed. These results are in agreement with 
other studies that demonstrate that nonaromatic five-mem* 
be red ring systems that contain a hetero atom art among the 
best substrates known for the pulmonary rabbit flavin-contain¬ 
ing monooxygenase (15,19, 37).* The lack of a Hammett-type 
substituent dependence (38) of the rate of 5-oxygenation is 
similar to that observed for 5-oxygenation of 2-aryl-1,3-dithio- 
lanes with other flavin-containing monooxygenase enzyme sys¬ 
tems, as well as other studies with dialkylsulfides, which suggest 
that all good substrates for the flavin-containing monooxygen¬ 
ase (8, 39, 40) have similar V M , values. 

That concurrent nonenzymatic S-oxygenation of aryl-1,3- 
dithiolanes does not contribute to the formation of the 5-oxides 
stems from the observations that (a) the ratio of diastercomers 
remains constant over the time course of the reaction, (b) 
chemical oxidation (i.e., oxidation of 1—5 to S-oxides in the 


TABLE 2 

S*OxygtnatIon of 2-«ryt-V3-dithto<anes by rabbK lung flavin- 
containing monooxygenaae and cytochrome P-SStW* 
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% 
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4-OCH, 

ND* 

22.3 ± 2.0 

100 

ND 

6.9 ±14 

100 

2 

4-H 

NO 

24.4 ± 6.1 

100 

ND 

1.0 ±0.1 

100 

3 

4-CI 

NO 

17.1 ± 1.9 

100 

ND 

2.7 ± 0 8 

100 

4 

4-CN 

NO 

26.4 ± 1.1 

100 

ND 

19.3 ±09 

100 

5 

4-NO a 

NA* 

NA 


ND 

9.5 ± 1.8 

100 


• Incubahons were performed as described n Experimental Procedures and me 
values are the average ol 4 determinations ± SE 

* Dustefcosetective excess as described et Table 1. 

• NO. not detectable 

* NA not ava*ab*e. 




Source: https://www.industrydocuments.ucsf.edu/docs/tllmOOOO 


86A88{-Cgo?! 




336 Cashman and Williams 


presence of H*0 a or NalO«) is extremely slow (40) and requires 
a large concentration of oxidizing agents, and (c) incubations 
performed in the presence of catalase gave the same stereose¬ 
lectivity of 5-oxidation as those incubations performed in the 
absence of catalase (data not shown). That 1—5 are not oxidized 
by lipid peroxides or endogenous H*0* during the short incu¬ 
bation times employed can be seen from a comparison of the 
diastereoaelectivity of H,0,- or NaI0 4 catalyzed 5-oxygenation 
of 1—5 and the diastereoaelectivity of the microtome-catalyzed 
5-oxygenation of 1-5. The average percentage diastereoaelec¬ 
tivity for NaIO< and H*O z -catalyzed 5-oxidation of 1-5 is 39 
and 31%, respectively (data not shown). Por pulmonary micro¬ 
tomes, the average percentage diastereoaelectivity for 5-oxy¬ 
genation of 1—5 in the presence and absence of ammobenzo- 
triazole is 94 and 57%, respectively (Table 1). The data suggest 
that nonenzymatic processes do not contribute to 5-oxygena¬ 
tion of 1-5 and that in the presence of aminobenzotriazole the 
diastereoaelectivity is markedly increased. 

5-Oxygenation of 2-ary I-1,3-dithiolane 5-oxides. The 
5-oxygenation of 2-aryl- 1^3-dithiolane 5-oxides with various 
rabbit lung monooxygenase preparations was performed in 
order to determine the products of the reactions as well as to 
determine the enzymes involved in the transformations. In the 
pretence of rabbit lung microtomes supplemented with 
NADPH, 2-aryl-1,3-dithiolane 5-oxides are 5-oxygenated to 
the corresponding S,S'-dioxide (Table 3). In contrast to initial 
5-oxygenation of dithiolanes, the rate of rabbit lung microsome 
catalyzed 55'-dioxygenation is significantly decreased and a 
tendency for a modest Hammett-type substituent dependence 
(38) of the rate of 5'-oxygenation is observed. Thus, compounds 
6a and 7a are S-oxygenated at an elevated rate, compared with 
compounds 9a and 10a, A modest Hammett-type substituent 
dependence of the 5'-oxygenatIon of 2-aiyl-l,3-dithioiane 5- 
oxidts is observed for the purified flavin-containing monooxy¬ 
genase from rabbit lung (Table 3). As observed for rabbit lung 
microsomes, the rate of 5-oxygenation catalyzed by purified 
rabbit flavin-containing monooxygenase of compounds 6a— 
10a is significantly decreased, in comparison with the parent 
sulfide. Compounds 6a -8a are 5-oxygenated more efficiently 
than 9a and 10a. Incubations performed with 6a-10a in the 
presence of rabbit lung cytochrome P-450|, i-t gave variable and 
only very small 1 amounts of 5,5' -dioxide products. As a result, 

TABLE3 

S-Oxygtfwtfon of 2-aryt-1,3-dithlolan« 3*oxtdes by rabbh lung 
- microtomes and rabbit kmg flavin-containing monooxygtnase 
Eachwlut aswtvtrsgsof fourdtsrfflins ti o nt ± itandarp arror. 
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2.0 ±0.3 

7a 

441 

NO* 

4.1 ± 0.6 

0.9 ±0.2 

3.6 ± 0.9 
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0.7 ± 02 

2.2 ± 0.3 

0.9 ± 0.2 

1.6 ± 0.3 

U 

4-CN 

NO 

NO 

ND 

0.1* 

10a 

4-NO* 

0.1* 

1.9 ±0.3 

0.6 ±0:1 

1.3 ± 02 


'Incubation* pertormad as described Jn ExpeiweoUl Procedures. 

•The range ot values ts 0-02 nmol/nw/mg of protein or nmol/ran/nmo* c4 
protein 

* NO. not detectable. 


the amount of S,S'-dioxygenation catalyzed by rabbit cyto¬ 
chrome P-450 iib-« was not quantitated 

In a control experiment, addition of aryl-1,3-dithiolane S- 
oxides 6a- 10a to inactive rabbit pulmonary microsomes or to 
active microsomes in the absence of NADPH did not result in 
any transformation of 6a-10a. This result suggests that re¬ 
duction or other transformation of 6a—10a does not occur 
during the short time period of the incubation. That no aryl- 
1, 3-dithiolane (from reduction) or para-substituted benzalde- 
hyde (from oxidation) is observed in the metabolic reactions of 
6a-l0a shows that 5-oxygenation of 6a-10a is the only 
detectable biotransformation taking place. 

Stereoselectivity of 2*aryl*l,3«dithIo!ane 5-oxygena¬ 
tion. As shown in Table 4, a slight stereochemical preference 
for addition of an oxygen atom by rabbit lung microsomes is to 
the pro-5-sulfur atom for 1 and 2 and to the pro-5-sulfur atom 
for 3 and 4. Thus, for 2, addition of an oxygen to the pro-5- 
sulfur atom was found to be 59% (Le., 40% 15,25; 19% 1 S£R) f 
with 41% addition of oxygen to the pro-5-sulfur atom (Le., 26% 
15,25; 15% 15,25). In the presence of aminobenzotriazole, the 
increased enantioselectivity for 5-oxygenation of 2 shows a 
preference for addition of oxygen to the pno-5-sulfur atom (i.e., 
64% 15,25), with 36% addition of oxygen to the pro-5-sulfur 
atom (Le., 36% 15,25). For 3 and 4, a marked preference for 
addition of oxygen to the pro-5-tulfur atom was observed (Le., 
average value of 73% 15^5), with 27% addition of oxygen to 
the pro-5'tulfur atom <i.e., 12% 15,25 and 15% 15,25). In the 
presence of aminobenzotriazole, the enantioselective 5-oxygen¬ 
ation of 1, 3, and 4 was significantly increased (i.e., average 
value of 88% 15,25 and 12% lS,25). 

For rabbit lung cytochrome P-450«a-*» a marked preference 
for addition of oxygen to the pno-5-sulfiir atom of 1-4 was 
observed (Le., average percentage enantioselectivity of 91% 
15,25 and 9% 15,2S). In strong contrast, almost exclusive 
preference for addition of oxygen to the pro-5-sulfur atom was 
observed for the highly purified rabbit pulmonary flavin-con¬ 
taining monooxygenase (Table 4). The results clearly demon¬ 
strate that rabbit lung cytochrome P-450 n a^ and flavin-con¬ 
taining monooxygenase 5-oxygenate 1—4 with opposite enan¬ 
tioselectivity. 

That nonenzymatic 5-oxygenation is not occurring can be 
seen from a comparison of enzymatic versus H,Oi-cata)yzed 5- 
oxidation of 1—5. As shown in Tsble 4, enantioselective S- 
oxidation of 1-5 is quite large. In contrast, H*0*~c*tatyzed 5- 
oxygenaUon of 1—5 has zero enantioselectivity (data not 
shown). 

Discussion 

The overall enzymatic 5-oxygenation of 2-aryl-l,3-dithio- 
lanes with microsomes or highly purified flavin-containing 
monooxygenase or cytochrome P-450»*^ from rabbit lung can 
be described by the scheme in Fig. 1. Each step has been 
investigated with five paro-substiluted 2-aryl-1,3-dithiolanes 
and represents a process that converts the dithiolane to the 
corresponding dithiane 5-oxide and, in a second reaction, con¬ 
verts the 5-oxide to the dithiolane 5,5'-dioxide. At extremely 
long reaction times, the 5,5'-dioxide is not indefinitely stable 
and is converted to the corresponding benzmldehyde (in a 
process that presumably involves formation of the dithiolane 
5,5,5'-trioxide) (40), but during the short incubation times 
employed in this study decomposition of 5-oxide reaction prod- 
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TABLE4 

Stsrsos e tec tf v S-oxygenation of 2-»ryi-1,3-dithto*anos by various rabbit bmg enzyme preparations 

AbaoMa ttaraochcmatry w*k Ottcmnned Irom reactions shown m Tables 1 and 2, as dascrtoad in Experiment* Procedures Each value is the average c4 four 
de te mUneto n s ± standard error. 



Subttoti 






SOB&knmd* 







n>virvaont>Mrg nonooxygmiM 


epochal* 



Rrtt* krq 





(fcwttys-oridt 

(cayeOx* 

QrmtfrOu* 

o*2$]r 


(1 SJ2S) 



(1S.2W) 

0S2S) 


V*J2S) 

(152ft) 

(1S2S) 


t 

4-OCH* 

ND* 

ND 

0 

100 

ND 

ND 

% 

90 ± 3 

10 ±3 

755 ±11 

24.5 ±11 

56.1 ±1 

43.9 ± 1 

2 

4-H 

NO 

ND 

3.2 ±2 JO 

96.7 ±23 

ND 

ND 

92 ± 2 

6 ±2 

432 ±3 

56.8 ±4 

60.5 ±2 

395 ±2 

2 

4-0 

NO 

ND 

2.4 ± 1.7 

97.6 ± 1.8 

ND 

ND 

90 ± 4 

10 ± 4 

57.6 ±8 

42.4 ± 9 

32.0 ±2 

68.0 ±2 

4 

4-CN 

ND 

ND 

15 ±03 

965 ±0.4 

ND 

ND 

91 ±3 

9 ± 3 

ND 

ND 

26.8 ±1 

73.2 ± 1 


» Ex perime n t performed in the abaa noa ol anifooba n x o Waaole. 

# Tbe irst designation is for the absolute tfereochemfcsy of the au*r atom. 
•ND.NotdrtecttttB. 





t1-15b 

FiO- 1. Ovara* Sofodstiv* Wotranslormatioo o4 the 2-eryM ,3-dKhlolanes. 
Tha fransK to t a raomar s and the cfc-dtasteraomerx are designated as a 
and fe, respectively. 

nets (fid not pose a problem and no pom-aubstituted benzalde- 
hyde was ever observed. 

For the 5-oxyg« nation of 2-aryl- 1,3-dithiolanea by rabbit 
lung microsomes, a significant contribution to the 5-oxygena¬ 
tion of 1 and 2 may be due to cytochromes P-450 whereas 3. 
4, and 5 are largely 5-oxygenated by tha flavin-containing 
monooxygenase. This conclusion is based on the results of the 
effects of aminobenzotmxole (Table 1) and from the determi¬ 
nation of the absolute stereochemistry of the 5-oxide products 
obtained (Table 4) (see below). It is possible, however, that 
another unidentified aminobenzotriaxole-senritiva reaction is 
also in part responsible for 5-oxygenation of 1 and 1 Although 
aminobenzotriazole is known to stimulate rabbit lung micro¬ 
somal oxygenation of substrates of the flavin-containing mon- 
ooxygenase (34), this does not preclude other processes from 
contributing to substrate oxidation. 

Aminobenzotriazole, a mechanism-based inactivator of cy¬ 
tochromes P-450 (33), significantly inhibits the formation of 6 
and 7 from 1 and 2 (Table 1). Stereochemical analysis (Table 
1) of the products formed from rabbit lung microtomes dem¬ 
onstrates that, in the presence of aminobenzotriazole, the dias- 
tereoselectivity for (irons )-S-oxide formation increases. For 2, 
in the absence of aminobenzotriazole, the increased enantio- 
selectivity Ji.e., mainly (pro-5KS-oxideJ it consistent with the 
involvement of cytochrome P-450 in the S-oxygenation (data 
not shown). That the 5-oxide enantiomer that is increased in 
the presence of aminobenzotriazole is mainly the (pro-R)-S- 
oxide for 3 and 4 suggests that the flavin-containing monoox¬ 



ygenase is primarily responsible for the 5-oxygenation of 3 and 
4 in rabbit lung microtomes. Compound X, at least in part, 
appears to be 5-oxygenated by cytochromes P-450 but in the 
presence of aminobenzotriazole 1 is almost exclusively 5-oxy- 
genited by tha flavin-containing monooxygenase (Le., 97% 
(front)-(IR^f?)-5-oxide is formed; data not shown]. This may 
suggest that rabbit lung microaomes contain a cytochrome P- 
450 that is particularly sensitive to the inhibitory properties of 
aminobenzotriazole (34) and this isozyme is the major contrib¬ 
utor to cytochrome P-450-dependent 5-oxygenation of 1. 
Whereas a specific aminobenzotriazole-sensitive cytochrome 
P-450 isozyme may participate in the 5-oxygenation of 1, tha 
flavin-containing monooxygenase is largely responsible for 5- 
oxygenation of 1 in rabbit lung microtomes. 

For both highly purified rabbit lung flavin-containing mon¬ 
ooxygenase and cytochrome P-45(W«, 2-aryl-l,3-dithiolanc» 
1—6 are efficiently S-oxygcnated (Table 2). 5-Oxygenation of 
1—5 by tha purified monooxygenases is highly diastereoselec- 
txve for formation of the (tror»)-5-oxide diastereomer. Varying 
the electronic nature of the para-substituent of 2-sryl-l,3- 
dithiolanes does not influence the rate of flavin-containing 
monooxygenase-catalyzed 5-oxygenation. These results are in 
agreement with other studies that suggest that at least for this 
class of substrate the rate-determining step occurs after product 
formation (15). In contrast, cytochrome P-459»s-4 tends to 5- 
oxygenate electron-deficient para-substituted 2-aryl-1,3-dithio- 
lanes more efficiently than electron-rich para-substituted 2- 
■ryl-l^-dithiolanes in disagreement with other studies employ¬ 
ing hepatic enzyme systems (41) (Table 2). The results with 
cytochrome P-450 tend to support the notion that electron- 
deficient dialkylsulfides are 5-oxygenated more efficiently than 
electron-rich dialkylsulfides (41). 

The S-oxygenation of 2-aryl-1,3-dithiolane 5-oxides was in¬ 
vestigated with microtomes and highly purified flavin-contain¬ 
ing monooxygenase and cytochrome P-450,1*.* from rabbit lung. 
As shown inTable 3, microtomes and purified fiavin-containing 
monooxygenase are competent to S-oxygenmte 6s-10s. At¬ 
tempts to demonstrate cytochrome P-450n*^-catalyzed S-oxy¬ 
genation of 6a-l0a were unsuccessful. From the limited data, 
it appears that 5-oxide 5'-oxygenation is largely dependent on 
flavin-containing raonooxygenase activity, although compared 
with 5-monooxygenation the rate of 5,5'-dioxide formation is 
markedly decreased. In contrast to 5-monooxygenation, 5,5'- 
dioxygenation is somewhat sensitive to the nature of the para- 
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substituent, demonstrating a Hammett correlation (i.e., p value 
of 0.3 and 0.27 for mkrosome* and purified flavin-containing 
monooxygenase from rabbit fang, respectively) (Table 3). Based 
on the results presented, a distinction between a single-electron 
transfer mechanism and an anionic nucleophilic mechanism 
for 5-oxygenation cannot be made solely on the basis of Ham¬ 
mett-type correlations (40, 43). Stereochemical analysis of the 
products of 5,5'~di oxygenation, in principle, could provide 
insight into enzyme mechanism. However, the relative insta¬ 
bility of the 5,5'-dioxides precluded careful examination of the 
absolute stereochemistry of 11—16. Absolute stereochemistry 
assignments of 5-monooxide metabolites of 1—4 were investi¬ 
gated and this has led to an understanding of rabbit pulmonary 
monooxygenase mechanism. 

A summary of the results of 5-oxygenation catalyzed by 
microtomes and purified cytochrome P-iSOu*^ and flavin-con¬ 
taining mo nooxygen are from rabbit lung is shown in Tables 1, 
2, and 4. From the results shown in Tables 1 and 2 it is apparent 
that the 5-oxygenation of 1-5 is highly stereoselective and the 
({ran*)-5-ox$de product is formed in large excess of the (cu)- 
5-oxide. For rabbit lung aaicroeomes the diaatereoselective ex¬ 
cess was modest and varied between 100% and 28%, with an 
average value of 57% (Table 1). In the presence of aminoben- 
xotriaiole, a mechanism-based inactivator of cytochromes P- 
450 (33) and an agent that does not inhibit pulmonary flavin- 
containing raoDooxygenase activity (34,37), a marked increase 
in diaste reoselectivity is observed. The diaatereoselective excess 
varied between 100% and 86%, with an average value of 04%. 
We interpret these results to suggest that the contribution to 
dithlolane 5-oxygenation from rabbit lung cytochrome P-450 
is significant and the low diastereoselective excess observed for 
hug microtomes in the absence of aminobenzotriazole reflects 
an involvement of cytochrome P-450 in (cif)-5-oxide forma¬ 
tion. For the 2-aryI-I,3-dithioIanes studied, both the purified 
flavin-containing monooxygenase and the purified cytochrome 
P~450n»^ from rabbit lung catalyze exclusive formation of the 
(trans)-S-oxidc (Table 2). Because the flavin-containing mon¬ 
ooxygenase catalyzes only (trone)-5-oxide formation of 1—5 
this suggests that some other monooxygenase [presumably 
cytochrome P-4501VA4 (pg-*>) ox IVB1 (form 5), which are the 
ether major isoenzymes present] catalyzes formation of the 
(cu)-5-oxide of 1-5. 

As shown in Table 4, the absolute stereochemistry of 5- 
oxygenation of 1-4 catalyzed by microtomes, flavin-containing 
monooxygenase, and cytochrome P-45<W« from rabbit lung 
was determined. It is clear that rabbit lung flavin-containing 



2. S-oxygenehon of 2-aryM,3-dithio*anes by cytochrome P-450- 
cataiyzed 'edge-on* 5-oxygenation end ftavirveontaining monooxygen¬ 
ase (FAIO)-cata(yzed S-oxyyenaiion. 


monooxygenase has a marked preference for forming ( trans )- 
(/K,2H)-S-oxides. In contrast, cytochrome P-450, lg 4 5-oxygen¬ 
ates 1—4 to produce exclusively (irari5)-(/S,2S)-S-oxides. 
From inspection of the stereochemistry of 5-oxide products 
from experiments employing rabbit lung microsomes, it is ap¬ 
parent that cytochrome P-450 is preferentially responsible for 
5-oxygenation of 2, whereas flavin-containing monooxygenase 
activity is mainly responsible for 5-oxygenation of 1, 3,4, and 

5. Thus, attack by the peroxyflavin of rabbit lung flavin- 
containing monooxygenase is directed to the pro-A-sulfur atom, 
whereat attack by the cytochrome P-450 iron-oxo species is 
directed to the (pn?-5)-sulfur atom. It It possible that the 2- 
aryl-1,3-dxthiolanes are 5-oxygenated by rabbit pulmonary cy¬ 
tochrome P-450 in an “edge-on* orientation with respect to the 
dithiolane group and the beme moiety, whereas rabbit pulmo¬ 
nary flavin-containing monooxygenase requires alignment of 
the dithiolane substrata in a deep narrow cleft where ateric 
interactions between the peroxyflavin and the aryl group con¬ 
strain the substrate into a trans-orientation (Fig. 2). Compared 
with bog liver flavin-containing monooxygenase, which can 
produce (cu)-2-axy 1-1,3-dithiolane 5-oxide products as well as 
(trans)-2-«iyl-l v 3-dithioiane 5-oxide products (40),* it would 
appear that the rabbit lung flavin-containing monooxygenase 
is highly stereoselective and presumably possesses a much 
smaller binding pocket than the hepatic form of the enzyme. 
That a large degree of enentioselectivity is observed for both 
monooxygenase-catalyzed reactions suggests that, if single- 
electron transfer reactions are on the reaction pathway, collapse 
of active oxygen species with sulfide ration radical is more rapid 
than rearrangement or isomerization of a sulfur cation radical, 
at least for this class of substrate (43). However, an alternative 
mechanism involving nucleophilic attack via anionic mecha¬ 
nism* is favored for the flavin-containing monooxygenase (40, 
42). 
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